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Abstract
In this project we have proposed a mechanism for radiation damage to DNA and detailed a series of experiments utilizing electron spin resonance spectrometry to test the proposed mechanism. Thus far we have produced and investigated the positive and negative ions of a number of purine and pyrimidine DNA bases in aqueous glasses. The g values and hyperfine couplings, both anisotropic and isotropic, have been determined when possible. It has been found that 5-methyl substituted pyrimidine cations (thymine, thymidine, 5-methylcytosine and 5-methylcytidine) react in these aqueous systems by deprotonation of the 5-methyl group. The thymine anion has been found to protonate in neutral aqueous glasses. Investigations of the cation and anion radicals of the other DNA bases have shown a lessened tendency toward further reaction. In related work we have studied the reactions of electrons with 5-halouracils as well as amino acids and peptides. In our work with 5-halouracils we have isolated the anions found their relative stability and followed their , further reactions. Our results were found to be in agreement with those of other experimental methods.
Introduction
This project proposes a mechanism for radiation damage to DNA and suggests a series of experiments to test the proposed mechanism.
Briefly described the mechanism is that positive and negative ions formed with the DNA strand migrate through the stacked DNA bases and subsequently react with the DNA base most likely to react towards protonation of the anion and decomposition of the cation. It is suggested that the thymine anion and thymine cation are the DNA base ions which most probably will react in this manner. Thus ions formed within the DNA strand would localize the radiation damage predominantly on the thymine base.
In our previous proposal we suggested work along three lines to test the proposed mechanism for radiation damage to DNA. First the anions of the DNA bases would be produced and their further reactions studied. Second the positive ions of the DNA bases were to be produced and their further reactions investigated. Finally experiments on y-irradiated DNA were to be performed.
3,
Results to Date
We have made good progress on the studies of the positive and negative ions of the DNA bases. These results are described briefly below and in more detail in our publications and preprints which are included. It should be noted that some of the work described was performed during the period between the approval of the proposal (September, 1971 ) and its funding (June, 1973 ). This work was generously supported by Oakland University.
A. Negative Ions of the DNA Bases.
In an initial report (Appendix A) we produced the anions of a variety of pyrimidine DNA bases. We showed in this work that the 6 position carbon which is known to be the site of protonation in the thymine anion is also the site of high unpaired spin density. We later studied the protonation reactions of thymine anion and other pyrimidines (Appendix C). We found that thymine protonates most readily among the pyrimidines.
In work performed during the past year we have studied the purine anion radicals for possible protonation reactions and to determine their g values for possible identification of these species in single crystals. (Appendix F). We are presently investigating these possible reactions in nucleoside and nucleotide anions in both neutral (12M LiCl) and alkaline (5M K 9 C0 ) glasses. Our results were found to be in agreement with other techniques. Of special interest was the observation that the uracilyl radical was found to hydrate to form a somewhat more stable radical species. This is suggested as a possible competing mechanism with abstraction in DNA.
Reactions of Electrons with Amino Acids and Peptides
Our work on electron reactions with amino acids and peptides is the latest in a series of papers dealing with In 8M NaOD the IT-an ions were found to be somewhat less stable. The TT-anions of 5-bromouracil and 5-bromo-6-methyluraciI were not observed at 77 K; however, those of chloro-and fluorouracil were observed. The difference % in stability of the anions in the two glasses is attributed to the fact that the nitrogens are protonated in the neutral glass whereas they are not in the alkaline glass. In addition protonation of the anion at an oxygen in the neutral glass is also likely. This would produce a neutral radical and further stabl ize the radical.
Introduct ion
The radiation sensistivity of 5-bromouracil containing DNA has produced considerable interest in the radiation chemistry of 5-halo-2 uracils.
This sensitivity has been attributed to the dehalogenation 2 of bromine after attack by radiolytic intermediates.
A number of studies employing differing techniques have shown that one of these radiolytic intermediates, the electron, induces reductive dehalogenation 3-5 in 5-halouracils.
The primary intermediates, the anion radicals, have been observed in pulse radiolytic experiments in the cases of fluoro-4 and chlorouraciI.
The bromouracil anion has not been observed in pulse radiolytic experiments.
Several esr studies have been performed on the halouracils. In an esr investigation employing steady state radiolysis to generate electrons in aqueous solution it was found that the lifetimes of the halouracil anions were too short to be observed. Esr studies on Y~ irradiated single crystals of 5-halouracils have given evidence for radicals which could be interpreted as protonated anions; however no evidence for dehalogenation was found. '
Esr studies in alkaline aqueous glasses at low temperature have resulted in reports that the anion radicals of the 5-halouracils are stable at 77°K and that they are unstable toward dehalogenation at 9 this temperature.
In order to resolve this apparent discrepancy as well as to further elucidate the mechanisms of reaction after electron attachment to 5-halouracils, we have investigated the reaction of electrons with these compounds in neutral and alkaline aqueous glasses.
Experimental Section 5-Halouracils were obtained from Calbiochem (A grade) and used without further purification. 5-Bromo-6-methyluraciI was synthesized from 6-methyIuraciI by the method of Sasaki and Ando. The product was recrystalIized from ethanol.
The experimental procedure was essentially that used in our previous work in 8M NaOD and I2M LiCI. 
This is confirmed by the fact that a quartet of 20 G is observed in LiCI/^O after warming to I70°K. Due to the wide I inewidths the (5-deuteron splitting is not resolved. To eliminate the possibility that a bimolecular reaction of the radical with the parent compound was occuring, experiments were performed where the original concentration of BrMeU was varied over 10 fold in LiCI/H20. The results showed no change in the rate of production of the third radical species with concentration as would be expected for a hydration reaction.
5-Bromo-6-MethyluraciI in an Alkaline Glass: Electron attachment to BrMeU in 8M NaOD at 77°K resulted in an esr spectrum consisting of a 8 G wide singlet at g = 2.0022. Since a quartet spectrum is expected for the 7^-anion,'^ the results suggest the if-anion radical is not stable in 8M NaOD
The observed spectrum is associated with the 6-methyluraciI-5-yI radical
Although radical U shows no more resolution than the very similar radical H, the I inewidth for radical IY is considerably less than that found for U. This may be due to the structural differences in the two radicals.
Warming radical nto I60°K resulted is a second radical perhaps due to a hydration reaction. However this spectrum has not yet yielded to interpretation.
The greater stability of the anion in the neutral glass over that found in the alkal ine glass may be due in part to the fact that the nitrogens are protonated in the neutral glass. In addition the production of a neutral radical by protonation of an oxygen is also likely. This would further stabilize the radical. Such oxygen protonated radicals have been suggested from studies of the 7-irradiation of 5-halouracil single crystals, and the pulse radiolysis of thymine in aqueous solution. as shown in Figure 2A . Warming to 155 K results in a irreversible conversion to a broad 31 G singlet in D£0( Figure 2B ). In HoO the singlet is somewhat more broad. In light of the results found for MeBrU, where the well resolved anion converts to a broad singlet, a reasonable explanation of these results is that the initial spectrum is due to the anion or protonated anion and the second broadened spectrum is due to the uracil-5-yl radical (D .
5-Halouracils in a Neutral
We therefore tentatively assign the initial species to the anion radical and the second species to the uracilyl radical. Upon warming the second species to 160 K in LiCI/H^O a quartet spectrum shown in Figure 2C is found.
Interpretation of this spectrum results in a 42 G (/9-proton) splitting and a 20.5 G (*<.-proton) coupling. In DO only a 19 G doublet is observed.
These results are excellent evidence for the hydration of the uracilyl radical to produce radical YX as in reaction 3.
If samples are warmed directly to 165 K where the glass softens to allow radical migration the quartet spectrum appears in much lessoned intensity.
This is attributed to radical-radical recombination which competes with the hydration reaction at these temperatures.
5-ChlorouraciI: Electron attachment to 5-chlorouraciI (CIU) in I2M
LiCI/D 2 0 or /H 2 0 results in an esr spectrum consisting of a 15 G doublet o splitting at g = 2.0029 ( Figure 2D ). The radical remained stable to 165 K where the glass softens. The g value, hyperfine splitting and temperature stability of this radical strongly suggest that it is the anion or protonated anion. No evidence is found for a broad singlet spectrum expected for a uracilyl radical; however, a partial conversion to a quartet identical to that found for BrU is found to,appear at |65°K in some experiments. This may be due to partial dehalogenation of the anion caused by the warming or more likely by light during photobleaching and transfer. In light of these results we must correct our previous work where we reported stable anions for all halouracils in 8M NaOD at -I60°C. In our present work we have shown that the BrUTf-anion is unstable in 8M NaOD even at 77°K; whereas, the FU and CIU 77-anions are found to be stable at 77°K.
Since in the previous work samples were photobleached with unfiltered light the CIUT/-anion was likely predominantly converted to the uracilyl radical.
The report by Simpson and Zimbrick that all halouracil anions are unstable toward dehalogenation at 77°K in 8M NaOD is also in disagreement with the results of this work. These workers do not report photobleaching with filtered light. This would explain the lack of observance of the CIU Vanion. Since the BrUTT-anion is unstable it would also not be observed;
however, the FU^-anion is stable to visible light and should be observed.
An explanation for the difficulty in the indentification of the radicals observed in 8M NaOD in our work and other work is that the halouracil fanions and the uracilyl radical have very similar spectra in the alkaline glass.
However as we have indicated these radicals can be distinguished by differences in g value, I ineshape and power saturation behavior.
Comparison to Other Work and Conclusions
A comparison of our results with some recent work is of interest. To produce the cnti^u without interference from the photoejected electron Table 1) .
The g values for the combined spectra of the purines (Table 1 ) are considered to approximate the average of the cation and anion radicals. This would only be exactly so if each radicals spectrum were of the same lineshape and 1inewidth.
Samples which contained K"Fe(CN), as an electron scavenger resulted after photoionization and photobleaching in ESR spectra which are considered to be due to cations. These spectra are also unresolved singlets.
Their g values and linewidths are greater in magnitude than found for the combined spectra (Table 1) attributed to the quanine anion is nearly identical to the cation g value found in this work. Only in yirradiated oriented DNA has a resolved spectrum attributed to the quanine cation been reported (Graslund et al, 1971 ).
Unfortunately no g value was reported for this radical.
We have performed experiments attempting to induce protonation reactions at carbon sites in the purine anion radicals in 12M LiCl(H"0). The of the four DNA bases only the thymine anion readily protonates. We believe these results give the probable explanation for the fact that only the thymine anion has been found to protonate in yirradiated DNA (Omerod 1965). 
